This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial-NoDerivs 3.0 License (www.karger.com/OA-license), applicable to the online version of the article only. Distribution for non-commercial purposes only. 
Sepe/Ferrari/Cantarella/Fioretti/Paolella: Ras Activated Pathways Differentially Affect Directional Migration Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
results obtained demonstrate that directionality, more than speed, is associated with MAPK pathway and strictly depends on ERK phosphorylation.
Materials and Methods

Materials
PD 98059 (2'-Amino-3'-methoxyflavone) was purchased from Calbiochem. A stock solution (20 mM) was prepared in DMSO, stored at -20°C and used at final concentration of 40 µM. LY 294002 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one) was purchased from Calbiochem. A stock solution (10 mM) was prepared in DMSO, stored at -20°C and used at final concentration of 10 µM.
Cell lines: Culture and Propagation
NIHRasV12 and NIHSrc527 were obtained by transfection of parental NIH3T3 fibroblasts with constitutively activated RasV12 (Glycine 12 to Valine) and Src527 (Tyrosine 527 to Phenylalanine) mutants, respectively. Murine fibroblasts with normal and transformed phenotype were grown in 100 mm diameter Petri plates, containing DMEM (Dulbecco's Modified Eagle's Medium) culture medium and 10% FBS (fetal bovine serum). Penicillin (10 U/ml) and streptomycin (10 ng/ml) antibiotics and L-Glutamine 2 mM were added to culture medium. Each operation was conducted in conditions of sterility under a laminar flow hood vertical. Cells were maintained in incubator at 37°C and with atmosphere made up to 95% air and 5% CO 2 . The culture conditions and cell growth were followed by optical microscope observations. Cell propagation was performed by detaching cells with a solution of trypsin/EDTA (trypsin 0.05% and 0.53 mM EDTA) and collecting them with complete culture medium. After centrifugation at 1200 rpm for 10 minutes, pellets were suspended in fresh medium, properly diluted, and plated again. In order to plate cells with a specific density, the Burker chamber was used.
Time-Lapse Microscopy and Image Acquisition
Images from different samples have been acquired by using the Zeiss Cell Observer system. The system is composed by a motorized inverted microscope (Axiovert 200M), an incubator chamber for observation of living cells, and a digital camera (Axiocam H/R). The microscope is controlled by an Intel personal computer running Window XP through the Zeiss acquisition software (Axiovision 4.8.1) that manages the microscope and captures images both in bright field and fluorescence. The microscope is equipped with a halogen light for bright field observation and a LED illumination system for fluorescence. The instrument is also equipped with phase contrast optics and provides an incubator chamber to control the temperature (maintained at 37°C) and the CO 2 percent (maintained at 5%) for the long observation of living cells. Within this work, digital frames were acquired as 16 bit images of 650x514 pixels.
Random Motility Assay
To investigate the random movement ability, cells were seeded (25000/well) in 12 well plates and maintained in complete medium at 37°C in an incubator with 5% CO 2 . After 16-18 hours, the multiwell was placed in the incubator chamber of the microscope. The motility of cells was determined by recording phase contrast images (with an objective 10x), once every 10 minutes. The scale of the acquired images, obtained by recording a Burker chamber with known measures, was 0.767 pixel/µ.
Wound Healing Assay
In order to study the dynamics of wound closure, cells were seeded in monolayers by plating in 12 well plates 100000 cells/well for NIH3T3 and NIHSrc527, and 200000 cells/well for NIHRasV12 in complete medium; 24 hours after plating the cell layer was scratched with sterile pipette tip. In order to perform the experiments in low serum, after 16-18 hours in complete medium, the cells were starved by using DMEM 0.5% FBS for further 24 hours, than scratched. MEK inhibitor, PD 98059 40 μM, or PI3K inhibitor, LY 294002 10 μM, were used by pre-treating cells (or not, for the control samples) respectively for 1 hour or 30 minutes. The closure process was followed for 24 hours by acquiring one digital frame every 10 minutes with an objective 10x (scale 0.767 pixel/µ).
Quantitative analysis of wound invasion by cell populations located at the border was performed as follows. After wound injury, images were acquired at 2 hour intervals up to 24 hours (T0-T24h) and analyzed by measuring the area of the gap with ImageJ (National Institute of Health, USA). The average advancement of front cell populations was quantified by evaluating the ratio between the a-cellular area and the length of wound edge. For images containing the whole gap, the rate of empty space occupation was determined by calculating the ratio between the length at each time point (Lt i ) and the length at start (Lt 0 ). Instead, if only one edge was comprised in the acquired image, the wound closure was expressed in terms of average edge advancement, obtained by evaluating at each time point the difference between initial (Lt 0 ) and current length (Lt i ).
Analysis of Single Cell Migration
Tracking and quantitative analysis of individual migrating cells was done by using MotoCell, a web application developed in our laboratory [19] . Cell coordinates at each time step were obtained by manually tracking cell body location in successive frames. Quantitative analysis tools available in MotoCell were used to evaluate descriptive parameters, such as average speed and angle, directional persistence, path vector length, for the whole migrating cell population or combined by cell or step; within MotoCell, path length is defined as the sum of all subsequent steps made by a cell; speed as the average step length; linearity as the ratio of net cell displacement (i.e. the distance between the starting and end point) to path length.
Movement directionality was investigated in terms of the ability of a given cell to preferentially move in a single direction, close to an expected one, and of the whole cell population to migrate in a coordinate way, with directions concentrated around a reference one. Circular statistics analysis was used to evaluate the distribution of cell displacement directions [20] . The displacement vectors were combined without taking into account vector modules to obtain a resulting, having its origin in the centre of a circle with unit radius. Its direction is defined as the average angle, whereas its length is named linear dispersion coefficient (R), which is descriptive of the dispersion of the angles around the average. R value ranges between 0 and 1: values close to 0 indicate a uniform angle distribution with no directional bias; larger values are obtained when displacement angles are clustered around a given direction, reaching 1 in the special case of all identical angles. The average direction of a population is the direction of the vector resulting by the composition of the displacement vectors obtained for each cell path.
The statistical significance of the observed directional bias, in relation to the number of experimental observations, was assessed by using the Rayleigh test [21] , that compares the "null" hypothesis, i.e. a uniform distribution of cell displacement directions, against the alternative hypothesis of a non-uniform distribution, as for example in unimodal or other models, resulting in an asymmetric distribution of the displacement angles. The distribution of displacement angles was evaluated by fitting two distribution models to experimental data, the uniform circular and the von Mises, a unimodal circular distribution that fits well to points tightly concentrated around a given angle. When these analysis produced a preferential direction, this was compared to a reference angle to evaluate if and at what extent the observed directions are close to the reference one.
Immunofluorescence Cells plated on coverslips were washed once with PBS 1x, fixed for 10 minutes at room temperature with paraformaldehyde (3% w/v in PBS), permeabilized for 5 minutes with Triton X-100 (0.2% v/v in PBS) and incubated for 1 hour with PBS 1x containing FBS (1% v/v) to bind to any remaining sticky places. For ph-ERK1/2 detection, coverslips were stained by 1 hour incubation with mouse anti-phospho-p44/42 MAPK mAb (Cell Signaling Technology) 1:200 in PBS 1x and washed with PBS 1x. Coverslips were then incubated in texas red-conjugated goat anti-mouse antibody (Santa Cruz Biotechnology) 1:200 in PBS 1x. To visualize nuclei, coverslips were incubated for 10 minutes with PBS 1x containing Hoechst 33258 (Fluka) at a final concentration of 1 μg/ml. The coverslips were mounted in Mowiol 4-88 (Calbiochem, CA) on glass slides. Slides were analyzed by using 40x oil objective.
BrdU assay
Proliferation rate was analyzed by BrdU incorporation assay. Cells were plated on coverslips and cultured up to 50% of confluence. Cells were then incubated with BrdU 100 µM for 1 hour at 37°C and 5% CO 2 . At the end of this incubation, coverslips were washed with PBS 1x, fixed for 10 minutes at room Lysate preparation and Immunoblotting NIH3T3 cells were washed twice with cold PBS 1x, directly solubilized in denaturing sample buffer (Tris/HCl 50 mM pH 7.0, NP-40 0,5%, NaCl 250 mM, NaOV 10 mM, NaF 25 mM, NaPP 20 mM, 1 protease inhibitor cocktail tablet in 10 ml of extraction solution). Protein samples (20 µg) were supplemented with 5% Dye buffer 5x and denaturated by boiling at 90°C. Polyacrylamide gels were used at 10% of acrylamide concentration. The proteins were transferred to the nitrocellulose membrane, stained with a 0.2% Ponceau S red solution to check the transfer efficiency and subsequently washed with distilled water. The nitrocellulose membrane was saturated with 5% non-fat dry milk in TBS solution (TBST), at room temperature for 1 hour. The membrane was washed twice with TBST solution, then incubated overnight at 4°C with the primary antibody. For ph-ERK1/2 detection was used a mouse anti-phospho-p44/42 MAPK mAb (Cell Signaling Technology), 1:2000 in milk. For beta-tubulin detection, a rabbit anti-beta tubulin mAb (Cell Signaling Technology) was used 1:2000 in milk. The membrane was washed with TBST solution before to be incubated for 1 hour at room temperature with the secondary antibody. Anti-rabbit IgG coupled to the horseradish peroxidase (Amersham Biosciences) was used 1:3000 in milk; anti-mouse IgG coupled to the horseradish peroxidase (Amersham Biosciences) was used 1:2000 in milk. The membrane was then washed and the detection of proteins was done with Immobilion Western HRP chemiluminescent substrate (Millipore). Digital images were acquired with a Bio-Rad imaging instrument, ChemiDoc XRS-system, and quantitatively evaluated.
Results
Speed and Proliferation Rate do not Fully Explain Accelerated Wound Closure by RasV12 Fibroblasts
The effect of constitutive Ras activation in NIH3T3 fibroblasts was tested by following the wound healing process in time-lapse (Fig. 1A) . Fibroblasts overexpressing the constitutively active RasV12 variant (NIHRasV12) move quickly and fully repair the wound within the 24 hours period of observation, unlike the parental NIH3T3 cells, which move towards the gap, but fail to completely close the gap within the same time period. By observing the movies the two cell lines appear to invade the empty space by using a different migratory strategy (Fig. 1B) . Immediately after the wound, both cell types become polarized and start to extend filopodial and lamellipodial protrusions at the leading edge, but while NIHRasV12 cells (white circle) quickly move towards the wound as isolated individual cells, parental NIH3T3 cells (black circle) appear to move in a slower, more coordinated way, almost as if in a sheetlike structure.
Filling the empty space to close the wound is favoured by at least two factors: cell proliferation and migration, both known to be positively regulated by Ras. In order to assess their relative contribution, NIH3T3 fibroblasts expressing a different mutated oncogene, Src527, similarly able to induce transformation and increased proliferation rate, were observed after subjecting them to the wound stimulus. As shown in Fig. 2A , NIHSrc527 fail to close the wound within the 24h observation time, although their proliferation rate (52% cells positive for BrdU incorporation) is similar to NIHRasV12 (56%) and clearly higher than that of NIH3T3 cells (30%), as reported in Fig. 2B .
Quantitative analysis of random motility shows that average speed of NIHRasV12 (16.5 µm/40 min) is much higher than both NIH3T3 (6.4 µm/40 min) and Src527 transformed fibroblasts (7 µm/40 min), as reported in Fig. 2C . To assess whether this speed difference is conditions (10% serum). E) Wound healing assay under low serum culture conditions, for NIHRasV12 and NIH3T3 cells: frames at the beginning (T 0 ) and the end (T 24h ) of a 24-hour time-lapse acquisition.
an advantage towards accelerating wound closure, the above experiments were repeated in 0.5% serum, a limiting growth condition where a strong speed reduction is expected [22] . The results, reported in Fig. 2D , show that under these conditions, NIHRasV12 cells move at 5 µm/40min, a pace even lower than the 6 µm/40 min seen for NIH3T3 and NIHSrc527 in (Fig. 1A) , but also in 0,5% (Fig. 2E ).
Directional Migration Induced by RasV12 is the Main Factor Behind Accelerated Wound Healing
Beyond speed, the features of cell migration may be described by additional parameters, such as path linearity and directional bias. To assess whether constitutive Ras activation is able to affect these parameters, they were analyzed in both random conditions, i.e. in absence of stimulus, and under wound stimulus, for NIH3T3 and NIHRasV12 cells. Within this work, linearity is defined as the ratio between the module of a vector describing the net cell displacement (i.e. the distance between the start and end point of the path), and the length of the full path followed by the cell (see also under "Materials and methods"). As shown in Fig. 3A , for randomly moving cells linearity values remain around 0.5 or a little above that, and are similar for NIH3T3 and NIHRasV12 fibroblasts, but in the course of wound healing experiments, for fibroblasts with constitutive Ras activation, values become substantially higher (reaching 0.7), indicative of a straight path.
In Fig. 3B , each polar plots represents the profile generated by connecting the ends of the various cell displacement vectors, reported as starting from the origin of the axes, after smoothing. The plots on the left were obtained for random moving cells, where the uniform distribution of directions is easily recognized by the circular shape of the area, for both NIH3T3 and NIHRasV12 cells. The size of the area depends on the length of the net displacement, higher for the faster NIHRasV12 than for NIH3T3 cells. The shape of the plots indicates the predominant direction of cells displacements: both cell lines, when subjected to a wound, respond by turning to directional migration and move into the empty space by following paths predominantly oriented towards the centre of the wound, as indicated in the panels on the right, where the areas have a typical asymmetrical shape. The effect is much more evident for NIHRasV12 cells.
The directional component of cell movement was quantitatively assessed by using circular statistics analysis (described under "Materials and methods"). With this assay, linear dispersion (R) values close to 0 are indicative of unbiased distribution of the steps, whereas higher values, up to 1.0, indicate a progressively increasing degree of the directional component. Statistical significance of directional bias was evaluated by testing the "null" hypothesis of uniform distribution of cell displacements, against the alternative hypothesis of non-uniform distribution of directions, as for example in unimodal or other patterns, anyway leading to an asymmetric distribution of the directional angles [20] . The procedure described by Rayleigh [21] was used to test for significance, where R values are compared to a threshold level, corresponding to the highest R value expected from a random distribution, for a given probability (P<0.01) and number of samples. The results reported in Figure 3C show, for the two randomly moving cell populations, linear dispersion values ranging between 0.3 and 0.4, both lower than their respective threshold values for P<0.01 represented by transparent grey boxes, overlaid onto the histogram. For cells moving in wound healing assays, the same analysis shows a clear directional bias, much stronger for NIHRasV12 (0.8) than for NIH3T3 (0.5). In both cases, R values are higher than the threshold for P<0.01.
The data shown until now demonstrate that cell attitude to coordinately move in a directional way is strongly enhanced following the wound stimulus. The statistical parameters were calculated by combining the steps moved by all tested cells during the whole observation period. However, as the healing process takes time to happen, directionality parameters were also calculated for the whole cell population at each step, to evaluate whether cells preferentially move in a given direction and if they maintain it during time. In Fig. 3D , R and average angle are plotted against time for both NIH3T3 and another mouse embryo fibroblast cell line (MEF). For NIH3T3 cells, R values (bottom curve, scale on the left vertical axis) are consistently high and often above the threshold level for P<0.01 (lower dotted line). Angular deviations (top curve, right Y axis in the same graph) are very low, indicating that directions remain very close to the reference direction, i.e. towards the centre of the wound. Taken together, these data indicate that NIH3T3 cells constantly maintain the same direction during the whole 24 hours observation time. Similarly MEF fibroblasts show R values and deviations consistent with strongly unidirectional movement for the first 12 steps (about 8 hours after the layer injury); in the subsequent steps, R values become lower and well below the reference threshold, while angles are scattered in all directions. These results support the idea that directional movement strictly depends on the presence of the wound, as it remains clearly visible until the gap stays open and disappears soon after wound closure, as shown in Fig. 3E , where MEF cells completely fill the gap within approximately 8 hours, unlike NIH3T3 that leave it nearly empty for most of the 24 hours (see also Fig. 1A) .
Wound repair involves cells in a different way: when three cell sub-sets, respectively named front, middle and inner (Fig. 4A) , are defined according to distance from the wound edge, the behaviour of each subset may be observed and separately analyzed. The paths followed by each subpopulation are reported as single cell paths in Fig. 4B and in aggregated form in Fig. 4C : the front population always appears to be more strongly directed towards the wound than the others for both NIH3T3 and NIHRas cells. Circular statistics analysis ( Fig. 4D and F) shows that the wound edge has a clear effect on migration of both NIH3T3 and NIHRasV12 cells, i.e. the observed motion is strongly directional, with high R values (respectively 0.5 and 0.8, close to or well above the threshold for P<0.01). For RasV12 transformed cells, movement remains directional also in the two other subpopulations, unlike NIH3T3 cells which move in a much less directional way. When the same experiment is repeated in 0,5% serum, where, as shown in Fig. 2D , limiting conditions result in reduced speed, directionality is not affected: for NIH3T3 (Fig. 4E) 
ERK is Rapidly Activated and Plays an Important Role In Wound Closure
To elucidate the biochemical phenomena involved in regulating the described migratory behaviour, ERK activation after a wound was evaluated in fibroblast monolayers by both immunofluorescence and Western Blot. Activated ERK is, in fact, known to be increased in migrating epithelial cells in the course of wound healing [23] .
In Fig. 5 , activated ERK was analyzed in NIH3T3 fibroblasts, by in situ immunofluorescence by using the anti-phospho-ERK1∕2 antibody, in unwounded (NW) and wounded cells, at different time points after the wound. ERK phosphorylation is increased immediately after the wound and remains high up for about 20 minutes (T3'-T20'), preferentially in cells located close to the edge. After that, the signal gradually becomes more diffuse. After 3-5 hours, a second ERK activation phase is often observed (T3h-T5h) especially in cells showing the typical 'migratory' appearance, characterized by elongated cell shape and nucleus retraction. The signal returns to the basal level within 24 hours (T24h).
ERK activation was quantitatively evaluated by Western Blot analysis. As ERK appears to be preferentially activated at the wound edge, where cells showing a stronger directional behaviour are located, a protocol was developed to obtain a population strongly enriched in such cells, by introducing a large number of parallel wounds. Briefly, confluent NIH3T3 monolayers were repeatedly wounded with a tool able to create a number of parallel wounds, separated by narrow stripes of monolayer cells (about 1 mm wide). Western blots were then stained for phosphorylated ERK by using the anti-phospho-ERK1∕2 antibody. In Fig. 6A , phosphorylation patterns are reported at various times up to 24 hours after wounding, quantitative assessment is reported in Fig. 6G (dark curve) . Two peaks of ERK phosphorylation are visible: the first appears immediately after the wound (T 0 ), reaches its maximum around 3 minutes and is already going down 10 minutes after the stimulus, to return to values well below the basal level, i.e. that of unwounded cells, after one hour. Later on, there is a second, less intense, but longer, activation phase, characterized by a phospho-ERK peak around 3-5 hours. These two phases, corresponding to a transient and strong early peak, followed by a lower and sustained raise, appear to replicate the previously described ERK activation patterns, observed by immunofluorescence in monolayer cells. Total amount of ERK1/2 remains unmodified, thus confirming that differences in phosphorylated ERK should be ascribed to phosphorylation changes rather than variation in amount of the proteins during the 24 hours. Similar results were obtained for NIHRasV12 fibroblasts, as shown in Fig. 6B and 6H (dark curve). Fig. 6E and G) and NIHRasV12 ( Fig. 6F and H) fibroblasts, pre-treated for 1 hour with the inhibitor before the wound. For both cell lines, PD 98059 completely inhibits both activation peaks (light curve) observed in absence of the inhibitor (dark curve). The amount of total ERK1/2 is not affected. The small recovery observed at about 5 hours is not different from that observed in unwounded monolayer cells in PD 98059 stability tests, where inhibitory activity, starts to decay a few hours after PD 98059 addition, although remaining clearly detectable up to 24 hours, with ph-ERK levels well below controls (data not shown). In addition to evaluating the effect of Ras activation on ERK, the role of the PI3Kinase pathway in responding to the wound stimulus was also investigated, by using LY 294002, an inhibitor of PI3K activity. In Fig. 7A , ph-AKT levels were assayed in NIH3T3 fibroblasts, by using an anti-ph-Thr308AKT antibody in western blot analysis. A basal amount of activated AKT (NW) is observed in unwounded cells that remains essentially the same after the wound stimulus. In presence of LY 294002, ph-Thr308AKT signal is low or even absent. The ph-ERK signal, as might be expected, in these experiments follows the same pattern as under control conditions. Under both conditions, the amount of total AKT is not affected.
MAPK and PI3K Differently Affect Cell Migration: MAPK, but not PI3K Inhibition Blocks Directional Movement
Wound healing assays were performed by quantitatively analysing distinct features of movement, such as speed and directionality of migrating cells, in presence of PD 98059, as well as in presence of LY 294002. The effect of the two inhibitors on the speed component of cell migration are reported in Fig. 7 , where wounded (W) NIH3T3 and NIHRasV12 cell populations (7B and C, left panels) are shown to move at higher speed (5.60 and 11.12 µm/40min) than cells in unwounded monolayers (NW, 3.91 and 9.70 µm/40min). PD 98059 addition (+PD) affects speed of both cell lines: in NIH3T3 fibroblasts speed is reduced to levels similar to the unstimulated culture, while NIHRasV12 cells suffer stronger speed (Fig. 9) . The result is already visible in polar plots, where cell displacements are randomly distributed and form a circle around the origin (Fig. 9A and B, left panels). Consistently, low R values are observed in all cell populations. Similarly, for NIH3T3, a clear reduction may be seen in cells located closest to the wound ( Fig. 9A and B, right panels), i.e. the only subpopulation with high R values in absence of inhibitor (Fig. 4C ). This reduction is even more dramatic for NIHRasV12 cells, where R values are also strongly reduced in all subpopulations, with the front one dropping to 0.15 from around 0.8 observed in absence of inhibitor (see Fig. 4E ).
In Fig. 9C , R and average angle have been analysed for the front subpopulations during the whole 24 hour observation time. For PD 98059-treated normal and transformed cell lines, the subpopulations surrounding the wound feature R values (bottom line) much lower then in untreated cells (panels on the left) and show no indication of directional migration. The loss of directional bias is associated with loss of directional consistency: in fact, as shown in the panels on the right (upper line), directions are scattered along the whole -180° to +180° range, very often far from the reference angle. The distribution of direction angles was also evaluated by using the von Mises distribution function, a unimodal circular distribution that fits well to points tightly concentrated around a given angle [24] , to model the directional behaviour of the described cell populations and evaluate whether they migrate in a coordinate way and directed towards the centre of the wound. Net displacement angles have been used to compute the maximum likelihood estimate for parameters µ (mean direction) and k (direction concentration) of a von Mises distribution function. The calculated curves have been plotted overlaid onto the experimental data in Fig. 8D and 9D . For untreated (C) NIH3T3 and NIHRasV12 populations, unidirectional behaviour is indicated by a single peak centered around the expected angle (0°). The Watson test [25] was used to assess, for both von Mises and uniform distribution 8D) , with mean direction values still concentrated and oriented towards the wound, and only the von Mises distribution closely fits the experimental data (Table 1 ). In presence of PD 98059, instead, estimated von Mises distributions become wide and flat (Fig. 9D, PD) , with no clear directional concentration (Table 1) . Goodness of fit analysis, for von Mises and uniform distributions, shows that both distributions fit well to experimental data, as indicated by values well below the critical values for P<0.01, a result clearly indicative of absence of directional bias.
Discussion
The results reported in this work demonstrate that, in wound healing experiments, directional movement is an important, arguably the main, factor active in driving wound closure. Directional movement is strongly associated with the existence of a gap, as it is observed immediately after the wound stimulus, lasts until the gap remains open and disappears after its healing. Ras is deeply involved in regulating wound closure and determining this directional bias, and ERK is probably its key effector in this process.
Within this work, wound healing assays, performed on fibroblast monolayers, revealed a specific Ras induced migratory behaviour, as constitutive Ras activation (RasV12) in NIH3T3 fibroblasts results in faster wound closure, obtained by making cells move more quickly and in a different, more direct way. NIHRasV12 cells invade the free space as isolated units, unlike NIH3T3, which move together, almost as if in a sheet-like structure, and make little progress at each time step. These results imply a role for Ras activation in wound healing, possibly also within parental NIH3T3, as indicated by PD 98059 mediated wound closure inhibition; they are in line with previous studies on the healing of wounded keratinocyte and other epithelial monolayers, which show an involvement of Ras in accelerated re-epithelization [26] [27] [28] . In wound healing assays, presence of free space, loss of cell-cell contacts, cell debris resulting from cell destruction, all play a role in the cellular response resulting in wound closure. Following a wound, pathways activated by extracellular stimuli such as FGF, HGF, EGF family growth factors, have all been shown to be involved in the response in epithelial cells, but also in fibroblasts [29, 30] . These and other factors activate cell proliferation and migration, and cooperate to fill the space left open by the injury. Along these pathways, Ras often acts as an intracellular signal molecule, able to positively regulate proliferation rate and cell migration [31, 32] . In this work, constitutive Ras activation in NIHRasV12 fibroblasts, results in increased proliferation rates and also confers the ability to move with higher speed than the parental cell line, but neither can fully explain enhanced wound healing (Fig. 2) . The strongest involvement of Ras was found to be related to the directional bias of movement: although the introduction of a wound in NIH3T3 and NIHRasV12 monolayers acts for both as a directional stimulus (see Fig. 3 ), the presence of RasV12 gives an advantage to transformed cells that move more effectively, along less tortuous paths, more clearly directed towards the empty space. This effect is more clearly visible in presence of low serum levels resulting in reduced speed as also shown by other reports [22] ; under these conditions wound closure is severely impaired in NIH3T3 but still effective in NIHRasV12 cells. These data are in agreement with previous studies, which implicated Ras in controlling the ability to sense a chemical stimulus and migrate towards it. In particular, Sasaki 2004 , showed that inhibition of Ras pathway in Dictyostelium determines reduced cell polarity and defective directional chemotaxis [33] ; note that in that report directionality is meant as a measure of how straight cells move, the feature that we refer to as path linearity, i.e. the ratio of net displacement to path length (see Materials and Methods). As said, in populations moving after a wound, spatial sensing and directional response are not unique to Ras transformed fibroblasts, but they are enhanced by RasV12, as if in presence of two different activation levels of the Ras pathway: maximum and constitutively activated in NIHRasV12, lower and wound induced in NIH3T3 fibroblasts. The directional behaviour is, in fact, visible even at a distance from the wound in NIHRasV12 cell populations, while the parental NIH3T3 line is position dependent, as only cells immediately surrounding the wound move in a clearly directional way. The directional bias is strictly dependent on the wound: in randomly moving cells constitutive Ras activation, in itself, does not alter any of these features and both parental and transformed cell lines move with comparable linearity and in a non directional way. These results point to a role for Ras as the upstream component of an "intelligent sensor system", which detects the stimulus, analyzes and integrates information and finally induces directional migration.
Ras is known to exert its effects through the activation of downstream effectors. Within this work, two main pathways were analyzed, respectively involving ERK and PI3K, both known to play a role in the wound healing process [34, 35] . In NIH3T3 and NIHRasV12 fibroblasts the effects of the two pathways are clearly separable, with the directional movement dependent on the activation of ERK, but not PI3K mediated pathway. The multifunctional potential of these pathways has also been recently highlighted in skeletal muscle cell migrating following mechanical damage [36] . Moreover, a fervid literature associates duration and magnitude of ERK activation with cell motility and invasion [37] [38] [39] . In wounded epithelial monolayers, two waves of ERK phosphorylation have been observed, one early and transient followed by a later and more sustained one [23] ; cell to cell communication through tight junctions has been invoked as a way of propagating the wave to neighboring cells. Within this work, rapid ERK activation was observed in fibroblasts located close to the wound (Fig. 5) , followed by a second broader activation peak 3-5 hours later. Previous wound healing experiments involved activated ERK in regulating cell migration: Matsubayashi and co-workers demonstrated that inhibition of ERK activation results in markedly reduced movement of the epithelial sheet in wound healing experiments [23] and in corneal endothelial cells ERK has also been shown to affect migration speed [40, . Our results confirm the overall ERK involvement in regulating migration speed, and highlight its unique role in determining directional migration. In fact, selective block of ERK activation by PD 98059 completely abolishes the directional component of cell migration and renders cells unable to directionally move towards the wound. This treatment abolishes their skill to react to the injury by organizing actin fibers towards the wound, but does not affect the ability to sense and respond to the wound, as the actin cytoskeleton still reacts by acquiring a polarized shape both in NIHRasV12 and NIH3T3 cells (data not shown). These data are in line with other reports that implicate the ERK pathway in the formation of membrane structures required for cell migration and potentially involved in determining movement direction [42] [43] [44] . ERK signalling is known to contribute to membrane ruffling through transcriptional upregulation of Rac activator urokinase plasminogen receptor (uPAR) [45] and is temporally and spatially associated with integrin clustering in spreading cells, where it may play a role in regulating focal adhesion assembly [46] . Among ERK substrates, claimed to be responsible for ERK-induced peripheral effects, there are myosin light chain kinase (MLCK), involved in turnover of focal adhesions and extension of membrane protrusions [43] , and calpain, a Ca ++ -activated proteolytic enzyme required for adhesion turnover [47] . Finally, ERK may regulate cellular motility by promoting specific gene transcription, including early and late responsive genes associated with lamellipodia extensions and tumor invasion [48] .
Inhibition of PI3K pathway by LY 294002 affects speed at a degree similar to ERK inhibition, but exerts no effect on directional cell migration in wound healing ( Fig.7 and 8 ). Previous studies in Dictyostelium discoideum and mammalian neutrophils showed that Ras may be rapidly and transiently activated in response to chemoattractant stimulation, and mediates leading edge formation by activating PI3K at the plasma membrane [33, [49] [50] [51] . PI3K activation and successive PIP3 production play a central role towards obtaining cell polarity and migration speed, but inhibition of this pathway is still compatible with efficient chemotaxis [52] [53] [54] [55] . These reports are in line with the present data, which indicate that PI3K activation is not necessary for directional motility, although it is involved in controlling cell speed. Actin filament formation, large pseudopodia arrangement and fast movements towards chemoattractants are potentially involved in the process [56] . Speed modifications were often observed, as both NIH3T3 and NIHRasV12 cells move at higher speed after a wound, than when in unwounded monolayers, but this alteration is less specific, as more factors can contribute to determine it: as said, ERK and PI3K are both activated by Ras and both play a role in determining the increased speed observed after a wound. However, speed reductions, although appreciable, fail to block wound closure in low serum or when PI3K pathway is inhibited by LY 294002. In contrast Ras-ERK regulated directional movement appears to be the main force driving the process: only when ERK activation is blocked and directional bias is abolished, edge progression is clearly reduced.
Wound healing assays are often studied as a model system for in vivo wound repair, where fibroblasts play an important role in forming the granulation tissue. By using this assay a specific role may be given to Ras and its effectors in regulating directional migration. Directional motility is of course important in other situations, beyond wound healing, whenever motion towards a specific point is involved. During embryogenesis it is implicated in driving germ cells to correct locations, to form organs and to generate connections in development of the nervous system [57] . In the adult, directional migration has been implicated in physiological processes, such as immune cell trafficking and stem cell homing, but also in many pathological conditions [58, 59] , as in metastasis formation, where the directional behaviour acquired by cancerous cells, makes them able to efficiently escape the primary tumour and reach a specific tissue [60] . Identification of the Ras-ERK pathway as a key mechanism in directional movement might be instrumental to the identification of molecular targets specifically responsible for controlling directional cell migration in such cases.
